The key to success for computational tools used in structure-based drug design is the ability to accurately place or "dock" a ligand in the binding pocket of the target of interest. In this report we examine the effect of several factors on docking accuracy, including ligand and protein flexibility. To examine ligand flexibility in an unbiased fashion, a test set of 41 ligand-protein cocomplex X-ray structures were assembled that represent a diversity of size, flexibility, and polarity with respect to the ligands. Four docking algorithms, DOCK, FlexX, GOLD, and CDOCKER, were applied to the test set, and the results were examined in terms of the ability to reproduce X-ray ligand positions within 2.0Å heavy atom root-mean-square deviation. Overall, each method performed well (>50% accuracy) but for all methods it was found that docking accuracy decreased substantially for ligands with eight or more rotatable bonds. Only CDOCKER was able to accurately dock most of those ligands with eight or more rotatable bonds (71% accuracy rate). A second test set of structures was gathered to examine how protein flexibility influences docking accuracy. CDOCKER was applied to X-ray structures of trypsin, thrombin, and HIV-1-protease, using protein structures bound to several ligands and also the unbound (apo) form. Docking experiments of each ligand to one "average" structure and to the apo form were carried out, and the results were compared to docking each ligand back to its originating structure. The results show that docking accuracy falls off dramatically if one uses an average or apo structure. In fact, it is shown that the drop in docking accuracy mirrors the degree to which the protein moves upon ligand binding.
Introduction
X-ray crystal structures of ligand-protein cocomplexes have been important tools for medicinal chemists in the discovery, design, and optimization of drug candidates. [1] [2] [3] These structural data along with the computational analysis tools that have been developed to implement structure-based drug design (SBDD) have proved to be very successful in medicinal chemistry. 4 As a greater number of X-ray crystal structures become available to medicinal chemists, with the advent of structural genomics, 5 computational methods that take advantage of protein-ligand structural data are becoming more critical to the drug design process. In the past 10 years, many robust computational methods have been developed to design, optimize, [6] [7] [8] and screen databases for drug lead molecules. 9 Gaining an understanding of the ligand-protein binding event is at the core of these tools and critical to subsequent translation of structure-based information into more potent and drugable ligands. The computational representation of protein-ligand molecular recognition is commonly referred to as "molecular docking".
X-ray crystal structures of a ligand bound to a protein provide data on the position and thus interactions and potential interactions between the ligand and the protein. 10 A detailed understanding of the essential interactions making up a protein's recognition of the ligand can be very useful in terms of structure-activity relationships (SAR), which in turn are important for drug design and optimization. Molecular docking [11] [12] [13] [14] methods attempt to place a ligand in the binding pocket of a protein. The many docking methods that have emerged differ mainly with respect to how they treat placement of the ligand, conformational space exploration, representation of protein ligand interactions, and binding affinity estimation (i.e. scoring). These methods are useful tools in drug design, since they help to provide an understanding of the key interactions made by a known ligand or to examine the potentially new interactions of a designed ligand. Due to the importance of understanding and predicting these interactions to the success of virtual screening and structure-based drug design, accurate ligand placement is highly desirable.
How accurate are current docking methods? The only way to verify the accuracy of a ligand binding mode predicted by docking is to compare it to the X-ray crystal structure. Many docking validation studies have been carried out to reproduce the binding modes of protein ligand X-ray structure test sets. The typical procedure involves removal of the ligand from an X-ray structure and then attempting to reproduce the X-ray crystal orientation and conformation with a particular docking method. This is often referred to as the "bound" docking problem. 12 Since it is established that small molecules can and often do change conformations upon binding to a protein, 15 most of these methods incorporate a way to treat the ligands flexibly during docking. These studies are not exhaustively summarized herein; however, a discussion of a few examples of some commonly used docking routines that represent the current state of docking accuracy puts the current study in context. Although the focus here is on docking accuracy and not scoring, it is very difficult to separate the two cleanly. Many docking algorithms will suggest several lowscoring solutions, but it is difficult to select the "correct" one in the absence of the known solution in a systematic and reproducible fashion. Therefore, only the accuracy of the top-scoring docked orientation is relevant for systematic comparison of methods. In terms of docking accuracy, a threshold of 1.0-3.0 Å root-mean-square deviation (rmsd) between the docked and X-ray pose has been generally considered to be a "successfully" docked structure. [11] [12] [13] [14] A value of 2.0 Å was suggested by Gohlke et al. 16 based on the restrictions of crystal structure resolution and will be used here as a measure of docking accuracy success.
One of the first and still widely used docking algorithms is DOCK, developed by Kuntz et al. [17] [18] [19] [20] [21] In a recent validation of their treatment of ligand flexibility, 22 they examined docking accuracy on a test set of 12 protein-ligand X-ray structures. This validation set was a good test of their incremental construction method, 20 because it contained ligands with a good range in flexibility (2-13 rotatable bonds). An important detail in docking validation studies is the treatment of the protein and ligand structures. Manipulation of these structures prior to docking can have a dramatic impact on docking accuracy (vida infra). In their work, the starting ligand and protein structures for docking were treated uniformly. The starting ligand conformations were taken from the X-ray crystal structure using atomic charges assigned by the Gasteiger-Marsilli method. 23, 24 The protein conformations were also used directly from the X-ray structure; however, care was taken to assign the protonation state of active site histidines. In three cases, the binding pocket was treated with and without waters or cofactors. Their results showed that six of the 12 docked coordinates of the ligands were predicted to be within 2.0 Å rmsd from the X-ray structure. A more comprehensive evaluation of docking accuracy using DOCK was carried out by Tao and Lai. 25 They used a test set of 200 ligand-protein X-ray structures and also found that DOCK was able to successfully dock just over 50% (105 out of 200) of the cases.
FlexX 26 is another widely used docking algorithm in drug design. The initial validation set for FlexX included 19 cocomplex X-ray structures. The starting ligand geometries were taken from the X-ray structure and minimized using SYBYL 27 prior to docking. Preparation of the protein for FlexX requires definition of the binding pocket in terms of "interaction points". In this work the active sites were defined as all atoms within a distance of 6.5-8.0 Å from the bound ligand. The specific distance for each was determined individually for each test case in order to ensure that the active site was enclosed through visual inspection. In addition, active site side chain hydroxyl hydrogen atom torsions were adjusted through manual intervention. The results showed that 14 of the 19 docked ligands achieved a rmsd between the X-ray of <2.0 Å, an impressive 74% docking accuracy success rate.
Another commonly used docking algorithm in drug design is GOLD. 28 An extensive test set of 100 carefully selected ligand-protein cocomplexes was used to examine the docking accuracy of the GOLD method. The ligands represented variation in size (6-55 heavy atoms) and flexibility (0-30 rotatable bonds). The starting geometries of the ligands were mostly constructed using the SYBYL BUILD 27 module, taking care to assign tautomeric and ionization states according to previous reports. The conformation used as a starting point was not specified. The proteins were also treated on a case-by-case basis, ensuring appropriate tautomeric and ionization states. The definition and size of each active site was individually determined at radii of 5-15.5 Å to ensure the full site was included. Of the 100 ligands in the test set, GOLD was able to dock 66 of them within 2.0 Å of the X-ray crystal determined solution.
In most of these docking methods, the ligand is treated as flexible, but the protein conformation is restricted. It is well-known, however, that protein recognition of a ligand is a dynamic event in which both ligand and protein change conformation in order to maximize total free energy during the association. 29 Despite this, most docking methods employ the rigid protein approximation. This assumption is used mainly due to practical reasons, since the potential search space rapidly becomes impracticable when considering both the ligand and the protein flexibly. 11 Nevertheless, methods have been implemented that allow for partial treatment of protein flexibility. 12, 14 Recently, the effect of protein flexibility on docking accuracy has been accessed using the "unbound" docking problem, that is, docking ligands to a X-ray structure with no or a different ligand bound. 12 Claussen et al. 30 described docking experiments on 10 different proteins each with four or more available X-ray crystal structures with or without ligands bound. They compared a new method (FlexE) for treatment of protein flexibility using a united protein structure constructed from multiple X-ray structures to docking each ligand into all the proteins ("cross-docking") sequentially with FlexX. Results for FlexE and the FlexX cross-docking experiments showed similar accuracies (67% vs 63%), but FlexE was significantly faster. They did not report the comparison of these methods to docking all the ligands to one structure, but it was shown that at least in one case (aldose reductase) using only one structure decreased docking accuracy. In another report, Murray et al. 31 performed cross-docking experiments on the X-ray structures of three proteins (thrombin, themolysin, and influenza virus neuraminidase) bound to at least six different ligands. They found a large drop off in docking accuracy when the ligands were docked to the structures other than their own (76-49%).
In this report, we examine the effect of important force field parameters, treatment of ligand flexibility, and the conformation of the protein on the ability of docking algorithms to accurately reproduce X-ray ligand orientations. Specifically, two test sets of protein-ligand complex X-ray crystal structures were assembled. The first is made up of structures with a diverse set of ligands with respect to size, polarity, and flexibility. This set was used to examine the variation of ligand atomic charge, dielectic constant, and nonbonded potential on the docking accuracy of three algorithms, DOCK, CDOCKER, and GOLD. This test set of X-ray structures was also used to examine the influence that ligand flexibility has on docking accuracy. First, the DOCK algorithm was used to compare flexible ligand and rigid ligand docking in terms of accuracy. Furthermore, the effect of starting conformation on the docking accuracy of DOCK, CDOCKER, and GOLD was examined by docking ligands with two different starting conformations, one from the experimental structure and the other generated computationally. Finally, the docking accuracy of various flexible ligand treatment methods was compared by applying DOCK, CDOCKER, GOLD, and FlexX to the test set.
The second test set consists of three proteins, each with several ligand-complex X-ray crystal structures. Using this test set, the ability of CDOCKER to reproduce X-ray crystal structure orientations when ligands are docked to various conformations of the protein was examined. Specifically, the ligands for each protein were docked to their original structure, to an "average" structure, and to the nonliganded or apo structure.
Methods
(1) Data Sets. Two sets of X-ray crystal structures were chosen for this analysis from the Protein Data Bank. 32 The first involves 41 protein-ligand complexes with ligands of varying structural diversity designed to test the ability of the docking algorithms to reproduce X-ray orientations (See Table  1 ). This group of structures was taken primarily from the work of Eldridge et al. 33 and is similar to other sets used 26, 28 to evaluate docking accuracy. To provide an objective comparison of methods, all complexes required uniform preparation and treatment. Due to the various abilities of each docking algorithm to handle nonstandard cases such as large polypeptides, oligosacchrides, or metals ions, complexes including these species were not included. An additional goal of this work is to examine the effect of ligand conformation treatment on docking accuracy. To this end, a set of ligands with an even distribution of size, flexibility, and polarity is ideal (See Figure  1) . Test set 1 will be used to compare the effects of various force field parameters and ligand starting conformation using DOCK, [17] [18] [19] [20] [21] CDOCKER, [34] [35] [36] [37] and GOLD. 28 Test set 1 will also be used to compare various treatments of ligand flexibility using these methods along with the FlexX 26 program.
A second validation set of protein-ligand cocomplexes X-ray structures was organized to explore the effect of protein conformation on docking accuracy. For this purpose it is necessary to have access to structures of several ligands bound to the same protein as well as the structure with no ligand bound (apo structure). The data for three proteases, trypsin, thrombin, and the protease of human immunodeficiency virus 1 (HIV1-p), were chosen as a test set for examining the effect of protein conformation (See Table 1 ) on docking accuracy.
For both test sets, the protein-ligand cocomplexes were prepared uniformly for docking in order to minimize introduction of bias. For each complex, the ligand, solvent, and any cofactors were removed, leaving only the protein. To eliminate differential effects of the various force fields and minimization schemes in each docking algorithm, no minimization was carried out. Standard charge sets were used for each protein, namely those from CHARMm (the param19/toph19 parameter set, 38 polar hydrogens only) for CDOCKER, and AMBER 39 charges for DOCK. Protonation states were assumed to be those most common at pH 7, i.e., lysines, arginines, aspartates, and glutamates are ionized.
(2) Force Field Parameter Comparison. Molecular mechanics parameters were examined to query their effect on the ability to reproduce X-ray structure binding modes. The comparison was carried out with DOCK, 17-21 CDOCKER, [34] [35] [36] [37] and GOLD 28 to explore how these parameters effect docking accuracy across different methods. The parameters examined included nonbond potential, atomic charge, and dielectric constant. For each complex, the ligand was docked to the protein from which it was removed ("self-docking") for a range of the particular force field parameter under examination. In each case, all other parameters were held at a constant value. The effect on docking accuracy was compared between four methods of calculating ligand atomic charges, Momany-Rone template charges, 40 CVFF, CVFF91, 41 and Gasteiger-Marsilli charges, 23, 24 for the three docking methods. For DOCK and CDOCKER, the dielectric constant was varied between 1 and 4 to examine the effect of electric field potentiation and, in effect, the protein charges. For DOCK, two nonbonded poten- HIV-1 protease tials were examined to evaluate the effect on ligand-docking accuracy since the use of "softer" 6-9 nonbonded potential has been useful for in-house virtual screening experiments. To test the generality of this observation, a systematic comparison of docking accuracy between the 6-9 and 6-12 was carried out.
Since the CDOCKER method utilizes soft-core potentials as an integral part of the method, this effect was not explored.
(3) Treatment of Ligand Flexibility. The effect of ligand flexibility on docking accuracy was examined from two points of view, namely, comparison of the choice of starting conformation and the method of conformational sampling. Two starting conformations were used: the first was taken directly from the cocomplex X-ray crystal structure and the second was generated from Corina, 42 a standard 3D conformation generator commonly used for database construction for docking-based virtual screening. For each of the 41 ligands, Corina was used to generate a 3D conformation and to add hydrogens for use as a starting conformation for docking. The X-ray conformations were extracted from the pdb file and, after adding hydrogens, used as input for docking. The various methods for handling ligand flexibility in the algorithms examined include incremental build-up (DOCK and FlexX), molecular dynamics simulated annealing (CDOCKER), and genetic algorithm (GOLD). When possible (i.e. DOCK), comparison was also made to rigid docking, i.e., no conformational searching used in the docking process, to see the effects of conformational searching during docking.
(4) Comparison of Protein Conformation. For each of the proteins in training set 2, three docking experiments were carried out to determine how the protein conformation affects ligand-docking accuracy. The first experiment was to simply redock the ligand back to the protein structure it was extracted from ("self" docking), as was carried out with test set 1. This docking experiment, however, is a best case scenario for liganddocking accuracy, as any protein conformational changes have already been induced for that particular ligand, but it serves as a useful benchmark for comparison to the other docking experiments. In a standard virtual screening or structurebased design case, a structure with a different or no inhibitor is typically available. How does the use of this type of protein structure affect docking accuracy? The second and third docking experiments were carried out to address this question. To simulate docking to a protein structure with another ligand bound, an "average" protein structure was selected for each protease. For each protein, all the structures were aligned and superimposed as depicted in Figure 2 using QUANTA. 43 The structure that was closest to the mean of the active site coordinates was dubbed the "average structure." The three structures selected from the sets as the "average structure" were 1mtu for trypsin, 1hvi for HIV1-p, and 1ets for thrombin. Finally, a comparison of docking to the apo structures for each protein was included. The apo structures are defined as those crystallized without an inhibitor. The structures chosen for the apo experiments were 1aks for trypsin, 1hgt for thrombin, and 3phv for HIV1-p. The degree of conformational change that occurs upon ligand binding to these three proteins was compared by calculating the root-mean-square deviation (rmsd) of the aligned active sites. Table 2 shows that the three proteins display a range of flexibility in response to ligand binding demonstrated by the range of rmsd values between the active site coordinates of the ligand-complexed structures and the apo structure. This allows an examination of the effect of subtle active site residue movement on the accuracy of ligand docking.
(5) Docking Methods. To help generalize the effects of ligand and protein conformation on docking accuracy, it is necessary to compare the effects using a variety docking algorithms, all of which use a rigid protein structure. This constraint is a known weakness of most common docking algorithms; however, it is commonly employed in order to reduce conformational search space. In addition to DOCK, [17] [18] [19] [20] [21] CDOCKER, [34] [35] [36] [37] and GOLD, 28 FlexX 26 was applied to test set 1. Each algorithm employs alternative ways of scoring and treating ligand flexibility. Performance of these methods on docking accuracy may help to generalize conclusions regarding the role of ligand complexity on docking accuracy. Unlike DOCK, CDOCKER, and GOLD, the various docking parameters were not explored for FlexX as they have been described elsewhere. 26 For each docking program, a brief description of the method and the parameters used in this work are given below. DOCK 4.0.1. DOCK 17-21 utilizes a sphere-matching algorithm to fit ligand atoms to spheres in the binding pocket. These spheres are complimentary to the receptor molecular surface, i.e., a negative image of the binding pocket. This study utilized the SPHGEN 44 algorithm to create spheres for each of the 41 complexes in test set 1. All the spheres within a 7 Å radius of the ligand centroid were used in this work. DOCK employs an incremental build algorithm 20 (the "anchor-first method") to treat ligand flexibility. DOCK utilizes a force field scoring method that is grid-based for increased speed. Grids were calculated for each protein using a 0.3 Å spacing that fully enclosed the spheres. An all-atom form of the protein and AMBER 39 atomic charges were used. Preliminary comparisons show very little difference between AMBER and CHARMm on docking accuracy with test set 1. Except for those variables examined here (ligand charge, dielectric, nonbond potential) the DOCK matching, flexibility, force field, and minimization options were developed to provide optimal docking accuracy on test 1, as shown in Table 3 . All other variable parameters were set at the default values.
CDOCKER. CDOCKER is an in-house docking method that has been described previously. [34] [35] [36] [37] In general, CDOCKER generates ligand "seeds" 50 to populate the binding pocket. Each seed is then subjected to high temperature MD using a modified version of CHARMm. For the initial stage MD, a softcore potential is used. Each of the structures from the MD run are then located and fully minimized. The solutions are then clustered according to position and conformation and ranked by energy. CHARMm charges are used for the protein structure, i.e., the param19/toph19 parameter set 38 using only polar hydrogens. Initial docking experiments on test set 1 showed little difference when AMBER charges were used. CDOCKER only allows for flexible ligand treatment.
FlexX (version 1.10.1 L). FlexX 26 relies on a "triples" matching algorithm between interaction sites on the ligand and the protein. The interaction sites are defined as hydrogenbond-donor and -acceptor groups as well as hydrophobic contacts such as aromatic rings and methyl groups. Interactions take place for complimentary matches between protein and ligand sites. Ligand flexibility is treated by an incremental build-up method that uses the MINUMBA 45 conformer library to grow ligands during the docking process. Here the FlexX method as implemented in SYBYL 27 was applied to test set 1 using most of the default parameters. A radius of 6.5 Å was used to define the active site interaction points. Formal charges were applied to the ligands, since it improved docking accuracy on test set 1. No other exploration of parameters was carried out.
GOLD (version 1.1). Inclusion of ligand flexibility in molecular docking using a genetic algorithm (GA) is featured by the GOLD method. 28 The binding site is defined manually or by a cavity detection program, and all hydrogen-bonding sites within the site are defined. This information is used to encode a "chromosome" with all the potential hydrogen bond interactions along with a representation of the ligand's flexibility. The GA then samples the ligand conformation, orientation, and position in the active site and uses a fitness function comprised of hydrogen bonding, pairwise force field interaction, and ligand internal energy terms to select poses in the docking process. Typically, several GA runs are required for binding mode identification. In this work, 10 GA runs with 1000 operations were used. Like DOCK and CDOCKER experiments, four ligand atomic charge methods were compared to determine the optimal one for docking accuracy. The location of the active site was set using the center of mass of the ligand taken from the X-ray protein-ligand complex. The size of the site was set to 22 Å, and the flood-fill cavity detection program was used, to provide a fair comparison to the other docking protocols.
Results
To compare the results in docking accuracy when varying force field parameters, conformational flexibility, and docking method, an accuracy metric is needed. Since this work is focused on the ability to reproduce X-ray crystallographically determined ligand coordinates, the root-mean-square deviation (rmsd) of the heavy atom coordinates between the docked ligand and its X-ray orientation is used. Acceptable deviations have ranged from 1.0 to 3.0 Å in other docking comparison and evaluation work. [11] [12] [13] [14] Here a value of 2.0 Å was chosen on the basis of the analysis of Gohlke et al. in considering the errors in crystallographic data. 16 To maintain consistency, a single in-house program was used to calculate the rmsd between the X-ray orientation and the docked orientation in question. The internal program considers all possible symmetry equivalent poses and gives identical results to rmsd values calculated by SYBYL 27 and other commercially available packages. For each docking run, only the top scoring pose, selected by the algorithm's docking function, is considered.
(1) Test Set 1 Docking Results. The results of several docking accuracy comparisons carried out using DOCK, CDOCKER, and GOLD are shown in Table 4 . Since there is a degree of randomness in the matching and minimization routines of DOCK and CDOCKER, each docking experiment was repeated three times using a different random seed. The number of docked orientations with a rmsd value to the X-ray structure of less than 2.0 Å for each docking experiment was recorded as "successful." The average percent success over the test set and the standard deviation (SD) of each run are shown. To comment on the differences observed between docking trials, pairwise t-tests were also carried out. The resulting P-values (i.e. those <0.05) reveal statistically significant differences and are available as Supporting Information (Tables S-3 , S-4, and S-5). A summary of the comparison of the flexible liganddocking algorithms examined here is displayed in Table  5 (A full table of each rmsd for each complex for each  method is available as Supporting Information, Table  S -6) . For these results, the best single run for each method is compared using the Corina ligand geometries as the starting conformation.
(2) Test Set 2 Docking Results. In this work the effects of protein conformation on ligand-docking accuracy was addressed by three docking experiments to three proteins as described in the Methods section. Each ligand was docked back to its own cocrystal structure, to the "average structure", and to the apo structure. As before, the success rate is defined as the percentage of docked ligand orientations whose rmsd to the X-ray orientation is <2.0 Å. From the results on training set 1, it is clear that all four methods perform equitably in the "self-docking" paradigm, so further comparison here is unwarranted. Furthermore, timing issues are not critical to conclusions drawn with regard to the effects of protein conformation on ligand-docking accuracy. In light of this, the most accurate method, CDOCKER, was applied to test set 2. Table 6 shows a summary of the docking success rate in the self, average, and apo experiments. (The single best rmsd result for each ligand for each docking experiment is available as Supporting Information in Table S-7) .
Discussion
Rigid Ligand Docking. In examining the influence of various force field parameters, ligand flexibility, and docking algorithms, a systematic build-up in complexity is useful to quantify the effects they have on docking accuracy. A minimal test of a docking program, in this case DOCK, is to reproduce the X-ray orientation, given the correct ligand conformation. Here the search space is reduced significantly, since no internal conformational flexibility is permitted. This experiment allows the examination of the effect variation of the force field parameters has on docking accuracy without the confounding effects of ligand conformation or flexibility. In the best case, DOCK was able to correctly place the X-ray conformation in of 35 of the 41 complexes on average in test set 1, yielding a docking accuracy of better than 85%. This shows that DOCK is very reasonable search method in terms of the six rotational and translational degrees of freedom to be explored in ligand docking (see Table 4 ). This success rate sets a baseline for the subsequent docking experiments.
Examination of the influence force field parameter variation has on ligand docking reveals that there is a slight effect for DOCK (Table 4 ). For instance, the range in average docking accuracy success is 2.3 complexes (33 for CVFF to 35.3 for Momany-Rone, of the 41) when the ligand atomic charge is varied, a value just above the standard deviation (1.2) of these experiments. Similarly, variation of dielectric constant shows a docking success range of less than 2 complexes on average. a The percentage of the number of successfully docked ligands (i.e. ligand orientations with rmsd < 2.0 Å from the X-ray position) in test set 1. The average over three independent docking experiments for each of the 41 complexes are shown for the DOCK and CDOCKER methods along with the standard deviations (SD). Only one docking experiment for each of the 41 complexes was carried out using GOLD. b Gasteiger charges were used for DOCK while Momany-Rome (MR) charges were used with CDOCKER to compare the effect of dielectric constant on docking accuracy. c Nonbonded potential was varied for DOCK experiments only. d Nondocked best rigid rms fit of the Corina to the X-ray geometry (comparison of conformations, i.e., similarity of X-ray and Corina conformation) for the 41 complexes. a Success rates of the four algorithms represent the best single docking experiment obtained using a Corina-generated conformer as a starting point. b Times for a Silicon Graphics R12000 CPU. a Results for docking experiments used conformations derived directly from the X-ray structures as starting points, and the results in parentheses used a Corina conformer as a starting point for docking. The success rate is the average for three independent docking experiments. b Results of ligand docking to the protein structure taken from the exact complex (i.e. benzamidine to 3ptb structure etc.). c Standard deviation based on three independent docking experiments. d Results of docking all ligands to one selected complex structure. For trypsin, 1mtu was chosen to represent the average structure, while choices for thrombin and HIV1-p were 1ets and 1hvi, respectively. e Results of docking all ligands to the protein structure crystallized without inhibitor present in the binding site. For trypsin, 1aks was chosen to represent the apo structure, while choices for thrombin and HIV1-p were 1hgt and 3phv, respectively.
Most of these changes are not statistically significant according to pairwise t-tests. It is interesting that the CVFF91 charges are the only set that shows a significant decline in docking success rate. On the other hand, the change from standard 6-12 potential to the softer 6-9 had a more significant effect on rigid-liganddocking accuracy (Table 4 ). The average docking success jumps 3.5 complexes (∼12%) by going to the softer potential. A similar influence of charge parameter variation is seen in rigid docking beginning with a Corina-generated conformation instead of the ligand conformation from the X-ray structure. The docking success accuracy ranges are less than 1 complex for ligand atomic charge and dielectric constant. Again, a more significant effect on docking accuracy is observed when the nonbonded potential was softened. Docking success accuracy increased by 5 complexes when moving to the 6-9 from the standard 6-12 and was shown to be statistically significant as seen in Table 4 .
The starting conformation of the ligand has a much larger effect for nonflexible docking than force field scoring parameters. Docking accuracy dropped by almost half (from 86% to 44%) when starting from the non-X-ray conformation. This emphasizes the importance of the ability to treat ligands flexibly (vida infra). The proper baseline for comparison in this case, however, is not the rigid-ligand X-ray results, but rather the number of Corina-generated conformers that are within 2.0 Å rmsd of the X-ray conformation. To examine this, the Corina conformers were overlaid on the X-ray conformer using a rigid atom-atom leastsquaresd fitting procedure. Surprisingly, 63.4% (26 of 41) of the Corina conformers had rmsds of <2.0 Å to the X-ray conformer. This suggests that, for some ligands, automated conformer generators, such as Corina, produce X-ray-like conformations for this test set, which is consistent with several studies on conformer generators. Using these 26 as a comparison, DOCK was able to position them with ∼70% accuracy rate. The maximum fitted rmsd between the Corina and X-ray conformers that DOCK failed to successfully dock (i.e. within 2.0 Å) was 1.3 Å, suggesting a threshold for the use of rigid docking with DOCK. Moreover, those molecules whose fitted rmsd to the X-ray that are less than 2.0 Å are, on average, small and rigid with a mean molecular weight and number of rotatable bond value of 250.5 amu and 4.5, respectively. The other 15 ligands in test set 1 had an average molecular weight of 537.2 amu and 11.2 rotatable bonds. These observations may suggest cutoffs for the size and flexibility of rigid docking with DOCK using Corina conformers for virtual screening.
Flexible Ligand Docking. The previously discussed experiments using the rigid-ligand approximation highlight the importance of allowing ligands to fully relax during docking. Here several aspects of flexible ligand docking were examined. First a comparison between rigid and flexible ligand docking using DOCK is made (Table 4) . Since DOCK employs an incremental buildup algorithm, the starting conformation used in docking does not have as significant an effect as was seen in rigid docking, because the ligand structure is fragmented and then reconstructed during docking. The docking success rate does increase, however, by ∼6% (i.e. an average of 2.5 more ligands docked successfully) starting with the X-ray conformation instead of a Corina conformer. This suggests that the incremental buildup method suffers from incomplete sampling (possibly due to limitations of the rotamer library), noninclusion of ring flexibility, and/or the lack of proper treatment of intraligand forces. Overall, considering ligand flexibility does significantly (P-value ) 0.0022) improve docking success rates. Starting from the X-ray conformer, flexible docking success rates are lower than rigid docking, but this is expected, since the correct conformation is provided in the rigid docking case, while the algorithm is forced to find the correct conformation in the flexible case. Similarly, the results starting with the Corina conformation improve by ∼2.5 complexes docked correctly, on average, in test set 1 (∼6% improvement). This small improvement may justify the use of fully flexible ligand docking in virtual screening of large databases if docking times are reasonable especially for larger ligands (vida supra). It should be noted that docking time was not optimized for these experiments. DOCK parameters can be "tuned" to individual proteins to significantly reduce average flexible-ligand-docking times. In fact, successful in-house virtual screening experiments have attained times of ∼5 s per molecule per CPU (SGI R10000).
The effect of force field parameter variation on flexible ligand docking using DOCK is also displayed in Table  4 . It can be seen that variation of ligand atomic charge and dielectric constant has a very small effect on docking accuracy success. There is a range of less than 2 ligands docked successfully when ligand charge or dielectric constant is changed, making flexible ligand docking less sensitive than was seen with rigid ligand docking. The only significant effect is observed when using the CVFF91 charges. The other three charge sets showed no significant change in success rates. Similar to the rigid ligand case, the softer 6-9 potential showed significant improvement in flexible-ligand-docking accuracy over the standard 6-12 but to a lesser extent. Docking success improved ∼5% (i.e. 2 complexes) on average.
On the other hand, atomic charge and dielectric constant had a slightly larger effect on docking accuracy for the CDOCKER method. The docking accuracy success range between the atomic charge sets was 2.7 and 4.7 ligands on average (6.5 to 11.4%) starting with the X-ray conformation and Corina conformation, respectively. The differences between the Momany-Rone charge set and the other three were not significant, however, as indicated by pairwise t-test results. A wider range was observed for dielectric constant variation where the docking accuracy success rate range was 15.6% (6.4 ligands) for the X-ray conformation and 19.5% (8 ligands) when a Corina conformer is docked. This was due mainly to the drop off in accuracy seen in using a dielectric constant of 1, which showed a significant difference between the other dielectrics. The fact that CDOCKER is more sensitive to atomic charge and dielectric constant than DOCK is not too surprising, given the differences in the algorithms. DOCK uses a nonenergetic method to place the ligand in the binding pocket followed by a ranking of poses by interaction energy, while CDOCKER's approach involves explora-tion of an energetic landscape for both. It is interesting that accuracy tends to improve for both methods using the Momany-Rone or Gasteiger atomic charges and a dielectric constant of 3. These charge sets also provide the best results for the GOLD algorithm.
The marked difference in flexible-ligand-docking accuracy shown between CDOCKER, DOCK, and GOLD emphasizes the importance of docking methodology and treatment of energy landscape. Table 5 expands the comparison to include FlexX, 26 another well-established and widely used docking program. On average, all four methods perform well and are able to reproduce X-ray orientations within 2.0 Å rmsd in 50% or more of the cases, even though widely different methods for ligand positioning and flexibility are used in each. This result is in line with other comparisons of flexible-liganddocking methods. 20, 26 The two most similar methods, DOCK and FlexX, both use a geometric matching routine for positioning and incremental build-up for ligand flexibility, but they differ substantially in the scoring method. Nevertheless, both are able to flexibly dock a Corina conformer correctly in just over 50% of the cases. The same is true for GOLD, which uses a genetic algorithm and an empirically derived fitness function. CDOCKER's simulated annealing molecular dynamics method, on the other hand, is able to reproduce X-ray ligand structures in significantly more cases (>80%) than the other methods, but at a much higher cost (10 times or more slower due to the explicit treatment of all interactions; a grid treatment of the protein-ligand interaction shows a mean speed-up of 3 times 34 ).
To help understand the key determinants of liganddocking accuracy, the test set ligands were examined more closely with respect to docking accuracy and docking method. How do molecular properties of the ligands such as the size (molecular weight), flexibility (number of rotatable bonds), and polarity (number of polar atoms, i.e., oxygens and nitrogens) affect the ability of a docking method to accurately reproduce the bound conformation and position (see Figure 1) ? Table  7 displays the correlation between the rmsd between the docked orientation and the X-ray orientation and the properties representing ligand size, flexibility, and polarity. There is a striking dependence of docking accuracy on the size and flexibility of the ligand in three of the four docking algorithms. [It should be noted that molecular weight and the number of rotatable bonds are slightly correlated (r 2 ) 0.65).] The docking accuracy of DOCK and FlexX (and to a lesser extent, GOLD) have a strong dependence on the number of rotatable bonds of the ligand. In fact, these three methods perform very well when the ligand has fewer than eight rotatable bonds. Docking accuracy success rates increase from just over 50% to 90%, 80%, and 70% for DOCK, FlexX, and GOLD, respectively, for ligands that have less than eight rotatable bonds (see Table 8 ). This dependence can be rationalized by the lack of proper sampling of rotatable bond space during the docking process. Even though these methods do a reasonable survey of the conformational space of the ligands, exhaustive searching is not practicable using current technology. Incomplete sampling can be established as the source of inaccurate docking if the scores of the best docked solutions are higher (less favorable) than the X-ray orientation. In the DOCK results, for example, when comparing the docking energy scores (i.e. ligandprotein interaction energies) of the docked orientations to the scores of the minimized X-ray orientations, it is revealed that the scores of the X-ray orientation are lower in 17 out of 20 "misdocked" ligands (i.e., those with rmsd > 2.0 Å). On the other hand, all seven of the "misdocked" ligands from the CDOCKER results, whose rmsd of docking poses vs X-ray was not correlated with ligand flexibility, had lower scores than the minimized X-ray orientation. This suggests a docking function inadequacy rather than incomplete conformational analysis. The higher success in those ligands with less than eight rotatable bonds (95%) compared to those with eight or more rotatable bonds (71%) for CDOCKER, however, implies that the docking functions' ability to distinguish between correct and incorrect conformations may decrease for ligands with large numbers of viable low-energy conformations.
Examination of the seven complexes that CDOCKER failed to reproduce correctly may support the conclusion that failures probably arise from scoring rather than sampling. CDOCKER fails on only one ligand with fewer than eight rotatable bonds (PDB code 1dog). Interestingly, all of the algorithms fail to correctly dock 1-deoxynojicimycin to glucoamylase. (Another docking algorithm, PRO-SELECT also failed to dock these ligand accurately. 33 ) This structure has two 1-deoxynojicimycin molecules bound in close proximity in the binding pocket. Here we are attempting to reproduce the molecule with the "strong electron density", but the possibility of the other binding mode may complicate the docking process. The other six "misdocked" ligands have a range of flexibility, namely, two ligands with eight rotatable bonds and one each with nine, 12, 14, and 15 rotatable bonds. Three of the six failures contain a sulfonamide linker (1pph, 1uvt, and 1uvs) . This group may be problematic for the CHARMm force field, leading to an incorrect docking result. 46, 47 FlexX, on the other hand, is able to correctly dock two of three of these complexes, 1pph and 1uvt, and has a smaller rmsd on the third, 1uvs, to the X-ray pose than the CDOCKER a Number of complexes with docked vs X-ray rmsd < 2.0Å. b Total number of complexes with the specified number of rotatable bonds in test set 1. result. The extensive MINUMBA 45 conformer library used by FlexX to explore conformational space during the incremental build-up procedure may better represent the sulfonamide group. This failure is not inherent in the MD sampling method of CDOCKER, but rather, these results point to a systematic error in the underlying force field for this particular group. Overall, the direct exploration of the energetic hyperspace seems to provide a significant advantage in docking accuracy, especially that of the more flexible ligands. We can speculate that in the face of many conformers with low energies, those found by the molecular dynamics sampling pathway may reflect those actually sampled in the ligand binding event more so than the nonenergetically driven methods of the other three algorithms.
Protein Flexibility. All of the docking algorithms examined here, as well as those most frequently employed in structure-based drug design and virtual screening, treat the protein as rigid. This assumption is made for practical considerations, given the large increase in the already large search space when the protein conformation is included, even though it is wellestablished that the ligand binding event is dynamic, often involving large protein movement. 29 Here the effect of applying the rigid protein constraint is examined utilizing the X-ray structures of three proteins both bound to several different molecules and with no ligand in the binding pocket.
Three docking experiments were carried out for each ligand using the CDOCKER method. The first involved docking the ligand back to the structure it was taken from or "self" docking, as was carried out with test set 1. This provides a baseline for comparison, since these structures have the experimentally determined induced protein movement incorporated. In the second two docking experiments, all of the ligands, within each protein class, were docked to a single structure. The ligands were docked to an "average" structure that was determined by selecting a structure whose binding site coordinates were the closest to the average position with respect to the rmsd of all the structures. They were also docked to the "apo" structure, that is, the structure without a bound inhibitor. These experiments show how docking accuracy, determined as the number of docked solutions whose heavy-atom coordinates are less than 2.0Å rmsd from the X-ray position, is effected by small protein movements. Table 2 characterizes the degree of protein movement caused by ligand binding. There is an interesting range of protein movement represented by these three proteases. The largest difference is seen between the structures with an empty binding pocket to those with a bound ligand. The average rmsd values between the coordinates of the structures with a bound ligand and the apo structure are quite large, suggesting the importance of using a ligand-bound structure if available for structure-based design or virtual screening. The protein with the largest movement that occurs upon ligand binding is HIV-1 protease, where a 2.0 Å movement is seen on average. As expected, it is very difficult to reproduce X-ray orientations within a 2.0 Å rmsd when the change in the binding site is on the same order. Table 6 highlights this difficulty, showing that docking accuracy rates fall off greatly when the apo structure is used. Accuracy rates drop 45%, 75%, and 93% for trypsin, thrombin, and HIV-1 protease, respectively, when the apo structure is used instead of docking the ligand back to its own structure.
The effect that different ligands have on the protein structure varies in this set of proteases. The movement as measured by the average rmsd between the binding pockets of the structures increases from trypsin to thrombin to HIV-1 protease (see Table 2 ). Table 6 shows that this degree of movement is reflected in docking accuracy rates. The protein with the least amount of movement, trypsin, also shows the highest docking accuracy to the average structure. In fact, docking accuracy success has an inverse correlation with the degree of protein movement, i.e., docking accuracy success increases as protein movement decreases going from HIV-1 protease to thrombin to trypsin.
These results are confounded, however, with the average flexibility of the respective ligands that exhibit the same trend. As the average number of rotatable bonds increases for the ligands of each protein, the docking success rates decrease. Although there was not a strong relationship seen between ligand flexibility as measured by the number of rotatable bonds and the rmsd between the docked and the X-ray orientations for test set 1 using CDOCKER, it was clear that docking success rates did decrease for highly flexible ligands (those with more than eight rotatable bonds; see Table  7) . A way to examine the effect of protein movement on docking accuracy without the confounding effect of ligand flexibility is to look at the decrease in docking accuracy between the self-docking experiments and those utilizing the average structure. The decrease in docking accuracy shows the trend trypsin < thrombin < HIV-1 protease, exhibiting 6.7%, 9.0%, and 11.7% drops in accuracy rates, respectively. This trend, although not as strong, suggests that docking accuracy depends on the amount the protein moves upon ligand binding. This observation is strongly supported by Figure 3a , which shows the loss of docking accuracy as a function of mean protein rmsd from the initial complex. It is worth noting that almost 90% of the initial docking accuracy is lost if the mean protein rearrangement is greater than 1.5 Å. This observation has important implications for homology modeling and indirectly suggests that prediction of ligand binding geometries would be reliable only for the most refined homology models.
Conclusions
An attempt was made in this report to explore liganddocking methodologies in order to make some comments on the determinants of the successful prediction of protein-ligand binding modes. Thus, the focus of this work was on the ability of standard docking methods to accurately reproduce X-ray crystallographically determined orientations rather than on scoring (i.e. reproducing measured binding energies). To carry out the docking experiments, two carefully chosen test sets were created. Care was taken to treat each system in a uniform and consistent manner to avoid introduction of bias. For test set 1, the ligands provide a range in molecular size, polarity, and flexibility (See Figure 1) . This set was used to examine the effect of ligand charge, size, and flexibility on docking accuracy. For test set 2, the three proteases displaying a range of protein flexibility in response to ligand binding were selected to examine the effects of protein flexibility on docking accuracy (see Table 2 ). Using these training sets and four docking algorithms, we have tried to investigate the key determinants of docking accuracy. Do small changes in the force field parameters used for docking and scoring have a significant effect on docking accuracy? In general, the methods used for ligand atomic charge assignment were found to produce small effects on docking accuracy. The largest change in docking accuracy when ligand charges were varied over four different charge methods and three docking algorithms was a ∼10% drop. This occurred when using CVFF charges with CDOCKER. For DOCK and GOLD, docking accuracy was reduced by only ∼2% when changing charge set. This is consistent with GOLD docking function. Similarly, varying the effective charge of the protein by changing the dielectric constant from 4 to 1 had a small effect on docking accuracy for DOCK (the accuracy dropped less than 2%), while the drop in docking accuracy for CDOCKER was larger (the accuracy dropped from 75% to 56%). Finally, softening the nonbonded potential (from a 6-12 to a 6-9) in DOCK increased docking accuracy by about 5%. These results are in line with the success of using the soft-core potentials in CDOCKER. [34] [35] [36] [37] How do the molecular properties of the ligand affect the ability to accurately dock it? The link between docking accuracy and ligand flexibility has been established here in a systematic study using four different docking algorithms. For the docking algorithms that employ an incremental build-up method to treat ligand flexibility (FlexX, DOCK), there is a significant correlation with ligand flexibility. For GOLD and CDOCKER, the correlation is not as strong, but docking accuracy clearly decreases for ligands with eight or more rotatable bonds. Extending the analysis to include all 113 self-docking cases from test set 1 and 2 using CDOCK-ER further supports the link between ligand flexibility and docking success accuracy. CDOCKER was able to successfully dock 54% of the 113 complexes, even though the ligands are very flexible (average number of rotatable bonds ) 12), however, docking success rates dropped from 76.7% for ligands with less than eight rotatable bonds to 45.8% for ligands with eight or more. This supports the link between ligand flexibility and docking accuracy. Overall, ligand flexibility appears to be a major determinant in the ability to dock a ligand accurately across all four methods examined here. Moreover, the performance of CDOCKER on a large range of ligands supports the use of molecular dynamics as an attractive search method for molecular docking.
How does protein flexibility affect docking accuracy? This work has established the dramatic effect that protein conformation has on the ability to accurately dock ligands. Looking at three proteins with varying degree of conformational change upon ligand binding demonstrated that not only was there was a clear drop in accuracy when the ligand was docked to an X-ray structure other than its own but also that this drop off is correlated with the degree of the protein movement in the active site. These results are in agreement with other unbound ligand studies 30, 31 and have major implications in structure-based drug design and virtual screening. The drop off in docking accuracy observed here for using protein structures with no inhibitor bound or those in complex to very different ligands should be factored into structure-based design efforts. This problem is especially magnified when using homology models constructed from templates with low sequence similarity to the target. Studies are underway to expand this work to other protein classes in addition to proteases to further explore the effect of protein flexibility on molecular docking. 
